Saponins are promising plant secondary compounds for reducing enteric methane (CH 4 ) in ruminants (Goel and Makkar, 2012) . These natural substances may have a toxic effect on ruminal protozoa, which substantially contribute to hydrogen (H 2 ) production and, thus, to CH 4 emissions (Morgavi et al., 2010) . However, in vivo effects of saponins on the relationship between ruminal protozoa and methanogenesis are contradictory and may depend on the dose and source of saponins: the decrease in protozoa conNitrate but not tea saponin feed additives decreased enteric methane emissions in nonlactating cows 1 J. Guyader,* M. Eugène,* M. Doreau,* D. P. Morgavi,* C. Gérard, † C. Loncke, ‡ and C. Martin* 2 *INRA, UMR1213 Herbivores, F-63122 Saint-Genès-Champanelle, France; Clermont Université, VetAgro Sup, UMR Herbivores, BP 10448, F-63000 Clermont-Ferrand, France; †InVivo Nutrition et Santé Animales, Talhouët, F-56250 Saint Nolff, France; and ‡INZO, Rue de l'église, BP 50019, F-02407 Chierry Cedex, France ABSTRACT: Tea saponin is considered a promising natural compound for reducing enteric methane emissions in ruminants. A trial was conducted to study the effect of this plant extract fed alone or in combination with nitrate on methane emissions, total tract digestive processes, and ruminal characteristics in cattle. The experiment was conducted as a 2 × 2 factorial design with 4 ruminally cannulated nonlactating dairy cows. Feed offer was restricted to 90% of voluntary intake and diets consisted of (DM basis): 1) control (CON; 50% hay and 50% pelleted concentrates), 2) CON with 0.5% tea saponin (TEA), 3) CON with 2.3% nitrate (NIT), and 4) CON with 0.5% tea saponin and 2.3% nitrate (TEA+NIT). Tea saponin and nitrate were included in pelleted concentrates. Diets contained similar amounts of CP (12.2%), starch (26.0%), and NDF (40.1%). Experimental periods lasted 5 wk including 2 wk of measurement (wk 4 and 5), during which intake was measured daily. In wk 4, daily methane emissions were quantified for 4 d using open circuit respiratory chambers. In wk 5, total tract digestibility, N balance, and urinary excretion of purine derivatives were determined from total feces and urine collected separately for 6 d. Ruminal fermentation products and protozoa concentration were analyzed from samples taken after morning feeding for 2 nonconsecutive days in wk 5. Tea saponin and nitrate supplementation decreased feed intake (P < 0.05), with an additive effect when fed in combination. Compared with CON, tea saponin did not modify methane emissions (g/kg DMI; P > 0.05), whereas nitrate-containing diets (NIT and TEA+NIT) decreased methanogenesis by 28%, on average (P < 0.001). Total tract digestibility, N balance, and urinary excretion of purine derivatives were similar among diets. Ruminal fermentation products were not affected by tea saponin, whereas nitrate-containing diets increased acetate proportion and decreased butyrate proportion and ammonia concentration (P < 0.05). Under the experimental conditions tested, we confirmed the antimethanogenic effect of nitrate, whereas tea saponin alone included in pelleted concentrates failed to decrease enteric methane emissions in nonlactating dairy cows. The combination of dietary strategies acting on H 2 production (lipids or saponins, via a toxic effect on protozoa) and on H 2 consumption (nitrate, via its reduction to nitrite and ammonia) additively lowered methanogenesis in vitro (saponin from QS plus nitrate; Patra and Yu, 2013) and in vivo in cows (lipids from linseed plus nitrate; Guyader et al., 2015) . However, additivity of the antimethanogenic effect of tea saponin plus nitrate remains to be confirmed in vivo. The objective of this study was to assess the effect of tea saponin fed alone or in combination with nitrate to nonlactating cows on methanogenesis, nutrient digestibility, and ruminal fermentation products and protozoa concentrations.
INTRODUCTION
centrations induced by their supplementation either reduced (-13%; 1% sarsaponin from Yucca schidigera [YS] ; Lila et al., 2005) , increased (+14%; 4% saponin from Medicago sativa [MS] ; Klita et al., 1996) , or did not modify (0.13% saponin from YS or Quillaja saponaria [QS] ; Pen et al., 2007; Holtshausen et al., 2009 ) CH 4 emissions (g/kg DMI).
Recent work highlighted a high antimethanogenic potential for saponin extracted from the tea tree (Camellia sinensis or Camellia assamica). Its supplementation (0.25 to 0.50% of DM) decreased CH 4 emissions (g/kg DMI) in sheep (-9%, Yuan et al., 2007; -27%, Mao et al., 2010; -11%, Zhou et al., 2011) and in steers (-7%, Li and Powers, 2012) . Mao et al. (2010) ascribed this effect to a significant reduction of ruminal protozoa concentration (-41%) .
The combination of dietary strategies acting on H 2 production (lipids or saponins, via a toxic effect on protozoa) and on H 2 consumption (nitrate, via its reduction to nitrite and ammonia) additively lowered methanogenesis in vitro (saponin from QS plus nitrate; Patra and Yu, 2013) and in vivo in cows (lipids from linseed plus nitrate; Guyader et al., 2015) . However, additivity of the antimethanogenic effect of tea saponin plus nitrate remains to be confirmed in vivo. The objective of this study was to assess the effect of tea saponin fed alone or in combination with nitrate to nonlactating cows on methanogenesis, nutrient digestibility, and ruminal fermentation products and protozoa concentrations.
MATERIALS AND METHODS
The experiment was conducted at INRA (SaintGenès-Champanelle, France) in the animal facilities of the Experimental Unit of Ruminants of Theix from January to June 2013. Procedures involving animals were performed in accordance with French Ministry of Agriculture guidelines for animal research and with the applicable European Union guidelines and regulations on experiments with animals. The experiment was approved by the local Auvergne-region ethics committee on animal experimentation, approval number CE50-12.
Animals, Experimental Design, and Diet
Four multiparous nonlactating Holstein cows fitted with ruminal cannulas (initial average BW of 658 ± 26 kg, mean ± SD) were used in a 4 × 4 Latin square design, with a 2 × 2 factorial arrangement of treatments using either nitrate (0 and 2.3% of DM) or tea saponin (0 and 0.5% of DM). Calcium ammonium nitrate was used as the nitrate source (75% nitrate in DM; Phytosem, Pont-du-Château, France) and a tea saponin extract was used as the saponin source (68.8% tea saponin in DM; Zhejiang Orient Tea Development Co. Ltd., Hangzhou, Zhejiang, China).
Each experimental period lasted 5 wk, with measurements performed in the final 2 wk (wk 4 and 5). Throughout the experiment, animals were housed in individual stalls. Diets were, on a DM basis (Table 1) , 1) control (CON; 50% natural grass hay harvested in semimountainous and permanent grassland areas and 50% top-dressed concentrates), 2) CON with 0.5% tea saponin (TEA), 3) CON with 2.3% nitrate (NIT), and 4) CON with 0.5% tea saponin and 2.3% nitrate (TEA+NIT). The doses of tea saponin and nitrate were calculated to achieve a theoretical CH 4 decrease of 20% when fed alone, according to experimental results of Mao et al. (2010) and Van Zijderveld et al. (2011) for tea saponin and nitrate, respectively.
Diets were formulated to meet maintenance requirements of nonlactating cows (INRA, 2010) and to reach similar levels of starch, CP, NDF, and Ca. Diets were adjusted to have the same fermentable N and Ca concentrations by including urea and calcium carbonate in CON and TEA. Forage was distributed without further processing. All other ingredients including tea saponin and nitrate were mixed and pelleted in concentrates (InVivo NSA, Chierry, France). Two weeks before starting the experiment, cows were fed CON ad libitum. Then, throughout the trial, feed was restricted to 90% of individual voluntary feed intake, to ensure complete consumption of the diet. The TEA, NIT, and TEA+NIT concentrates were gradually supplied by replacing the CON concentrate, to reach their maximal doses after a 5-and 10-d transition period for the TEA concentrate and nitrate-containing concentrates (NIT and TEA+NIT), respectively.
To decrease the risk of blood methemoglobinemia linked with nitrate toxicity, animals need to be progressively adapted to their diet by eating small and fractionated portions of nitrate at each meal (Lee and Beauchemin, 2014) . Then, for all diets, hay was offered twice daily (66% at 0800 h and 34% at 1600 h) and concentrates were offered in 5 equal portions per day (0800, 0830, 0930, 1600, and 1630 h). Forage-to-concentrate ratio was kept as close as possible to the target ratio by daily adjusting the amount of feed offered. Cows had free access to water throughout the experiment.
Measurements and Analyses
Characterization of the Tea Saponin Extract. According to the supplier (Zhejiang Orient Tea Development Co. Ltd.), the batch of tea saponin extract used in this experiment contained 688 g saponin/kg of DM. To complete this information, the tea saponin extract was indirectly characterized using the hemolytic property of saponins (Habicht et al., 2011) . At ambient temperature, the plant extract was diluted in distilled water (10 g/L) and 100 μL of extract solution were mixed with 1 mL diluted (1:10 with 0.9% NaCl, wt/ vol) fresh bovine blood collected into K 2 -EDTA tubes (Venosafe; Terumo, Guyancourt, France). The mixture was then incubated at 30°C for 30 min and centrifuged at 986 × g for 10 min at room temperature. The hemolytic activity of tea saponin used in this study was quantified in the supernatant by spectrophotometry at 545 nm (Evolution 600; Thermo Scientific, Waltham, MA) and compared with the hemolytic activity of a pure commercial saponin (Carl Roth, Karlsruhe, Germany).
In addition, as tea saponin is assumed to reduce methanogenesis through a toxic effect toward ruminal protozoa, an in vitro assay was performed to assess the biological activity of the tea saponin extract toward this microbial population. Whole ruminal contents were collected before morning feeding from 3 nonlactating cows fed a diet assumed to be saponin free and consisting of 38% corn silage, 32% natural grass hay, and 30% concentrate. Ruminal samples were strained through a polyester monofilament fabric (250-μm pore size) and the filtrates were pooled in equal parts. Inoculum (15 mL) was immediately added into 120 mL-vials containing the substrate (10 mg/mL) and 25 mL of an anaerobic buffer solution (Goering and VanSoest, 1970) kept at 39°C. The substrate was made of the CON concentrate mixed with tea saponin powder, to reach tea saponin concentrations of 0, 0.04, 0.08, 0.12, 0.15, 0.30, and 0.50 mg/mL in the medium. The vials were anaerobically incubated at 39°C for 18 h. At the end of the incubation, 2-mL samples were taken from each vial, mixed with 2 mL of a 0.06% (wt/vol) methyl green-formalin saline solution, and kept at room temperature and in the dark until protozoa counting. This in vitro assay was repeated twice, and within each experiment, every treatment was assayed in duplicate.
Animals' Weight and Blood Methemoglobin Levels. Animals were weighed at the end of each experimental period. Levels of blood methemoglobin (metHb) were measured 3 h after the morning meal (1100 h) for all animals during the week preceding the start of the experiment and then at d 3, 5, 10, 12, 17, 19 , and 29 of each experimental period for animals fed nitrate only (NIT and TEA+NIT), as it was assumed that CON and TEA did not entail risks of metHb. Blood (10 mL) was sampled from the jugular vein into K 2 -EDTA collection tubes (Venosafe; Terumo, Guyancourt, France) and packed on ice until metHb content analysis by spectrophotometry within 1 h (UV-160; Shimadzu, Marne-La-Vallée, France; CHU Gabriel Montpied, Clermont-Ferrand, France), according to the method of Kaplan (1965) .
Intake. Offered feed and refusals were weighed and recorded daily throughout the experiment to estimate DMI. Feed was sampled and analyzed as described previously (Guyader et al., 2015) . Briefly, 1 sample of hay and concentrate was taken on 2 d in wk 4 and 5. For each sample, 1 aliquot was used to determine DM (103°C for 24 h) and another aliquot was stored at 4°C. At the end of the experiment, all feed samples were pooled per treatment and ground (1-mm screen) before chemical analyses (InVivo Labs, SaintNolff, France). The DM of refusals was measured if refusals exceeded 1 kg per day and per animal in wk 4 and 5. Composition of refusals was manually identified (hay or concentrate) to check the absence of preferential intake for one of the feeds; as composition of refusals (hay-to-concentrate ratio) was similar to the diet, the chemical composition of the refusals was considered equivalent to the diet.
Organic matter was determined by ashing at 550°C for 6 h (method 942.05; AOAC, 2005) . Fiber (NDF and ADF) was determined by sequential procedures (Van Soest et al., 1991) after pretreatment with amylase and expressed exclusive of residual ash. Total N was analyzed by combustion according to the Dumas method (method 968.06; AOAC, 2005) and CP content was calculated as N × 6.25. Starch and GE were analyzed using an enzymatic method (Faisant et al., 1995) and by isoperibolic calorimetry (C200 model; IKA, Staufen, Germany), respectively.
Enteric Methane Emissions. Kinetics of CH 4 emissions were determined using individual open circuit respiratory chambers for 4 consecutive days in wk 4 as described in Guyader et al. (2015) . Briefly, the detector was manually calibrated the day before each measurement period using pure N 2 and a mixture of CH 4 (650 mg/kg) and CO 2 (700 mg/kg) in N 2 . During measurement periods, chambers rear doors were opened twice daily for cleaning and front doors were opened for each feed distribution (5 times/d). In total, doors were opened 15 min/d, on average. Chambers doors were never opened during gas analysis, so no data were deleted. Real-time gas emissions in a chamber were calculated by the difference between chamber and ambient gas concentrations multiplied by the airflow corrected for temperature, relative humidity, and pressure according to the Wexler equation (Pinares-Patiño et al., 2012) .
Diet Digestibility, Nitrogen Balance, and Urinary Excretion of Purine Derivatives. Total tract digestibility of nutrients, N balance, and urinary excretion of purine derivatives (PD) were determined via daily total and separate collection of feces and urine for 6 d in wk 5 (Guyader et al., 2015) . Each morning, after weighing and mixing of feces, 1 aliquot (1%) was used to determine DM (103°C for 24 h) and another aliquot (0.5%) was pooled per week and per animal before freezing (-20°C) . At the end of the experiment, samples were thawed and dried (60°C for 72 h) before grinding (1-mm screen). Chemical composition (OM, NDF, ADF, and CP) was analyzed similarly to feed.
Urine was collected daily in 30-L plastic flasks containing 500 mL 3 M sulfuric acid to maintain urine pH lower than 3 and avoiding N volatilization. Each morning, after weighing, 1 aliquot (1%) was pooled per week and per animal before freezing (-20°C) . At the end of the experiment, samples were thawed and N content was determined according to Kjeldahl method (InVivo Labs, Chierry, France; method 2001.11; AOAC, 2005) as it is not possible to apply the Dumas method on fresh urine. A second aliquot (0.25%) was diluted (1:4) with distilled water, pooled weekly for each animal, and stored at -20°C. At the end of the trial, samples were thawed and concentration of PD (xanthin, hypoxanthin, allantoin, and uric acid) was determined by HPLC (Shingfield and Offer, 1999) to estimate microbial protein synthesis in the rumen.
Ruminal Characteristics. Ruminal content was sampled in the ventral sac of each cow through the cannula 3 h after morning feed on d 3 and 5 in wk 5.
Ruminal samples were strained through a polyester monofilament fabric (250-μm pore size) and filtrate was subsampled for VFA (0.8 mL filtrate in 0.5 mL of a 0.5 M HCl solution containing 2% [wt/vol] metaphosphoric acid and 0.4% [wt/vol] crotonic acid), ammonia (1 mL filtrate in 0.1 mL of 5% [wt/vol] orthophosphoric acid), lactate (3 mL filtrate without preservative), nitrate and nitrite (20 mL filtrate without preservative), and protozoa (2 mL filtrate in 2 mL of a 0.06% [wt/vol] methyl green-formalin solution) analyses. Samples were stored at -20°C before analysis, except for protozoa samples, which were stored at room temperature and in the dark until counting. Concentrations of VFA and ammonia were analyzed by gas chromatography (flame ionization detector) and colorimetry, respectively (Morgavi et al., 2008) . Lactate concentrations were determined by colorimetry using a commercial kit (d/l-lactic acid; BioSentec, Auzeville-Tolosane, France). Nitrate and nitrite concentrations were analyzed by spectrometry (method EPA 353.2, EPA, 1993; SmartChem 200; Unity Scientific, Brookfield, CT; Laboratoire Vétérinaire et Biologique, Lempdes, France). Protozoa were counted by microscopy and categorized as either small (<100 μm) or large (>100 μm) entodiniomorphs or as holotrichs (Dasytricha or Isotricha; Williams and Coleman, 1992) . Protozoa concentrations were log 10 -transformed before statistical analysis. Dynamics of ruminal pH were monitored for 6 consecutive days in wk 4 with intraruminal boluses (eBolus; eCow, Exeter, United Kingdom) as described in Guyader et al. (2015) .
Statistical Analyses
All statistical analyses were performed with SAS (version 9.2; SAS Inst. Inc., Cary, NC). The in vitro toxic effect of tea saponin on protozoa concentration (log 10 /mL) was assessed with a nonparametric KruskalWallis test (n = 2). In vivo data were analyzed with the MIXED procedure. Methane emissions and ruminal characteristics (fermentation products and protozoa concentrations) measured for several days (4 and 2 d, respectively) were averaged per period before being included in the statistical analyses. The statistical model included the random effect of cow (n = 4) and fixed effects of period (n = 4), nitrate (CON and TEA versus NIT and TEA+NIT), tea saponin (CON and NIT versus TEA and TEA+NIT), and the interaction nitrate × tea saponin. A nonsignificant interaction indicated that nitrate and tea saponin had an additive effect. Period × nitrate and period × saponin interactions were also tested but not included in the final statistical model as they were not significant. Daily kinetics of ruminal pH and CH 4 emissions were analyzed as repeated measures. Several covariance structures were compared, and compound symmetry was selected as it resulted in the lowest values for the Akaike's information criteria. The model included the fixed effects of period, hour, nitrate, tea saponin, nitrate × tea saponin, and the interactions between hour and dietary treatments (tea saponin × hour, nitrate × hour, and tea saponin × nitrate × hour). Differences among diets were considered significant at P < 0.05 and trends were discussed at 0.05 ≤ P ≤ 0.1. Least squares means are reported throughout.
RESULTS

Characterization of the Tea Saponin Extract
For a same concentration of tea saponin extract and standard (10 g/L) and assuming that they contained 68.8 and 100% of pure saponin respectively, the hemolytic activity of our tea saponin extract was 1.6 times greater than the standard. In the in vitro assay, tea saponin tended to decrease protozoa concentrations (P = 0.068), with a marked decrease with tea saponin doses of 0.30 and 0.50 mg/mL (-60 and -71%, respectively; Fig. 1 ).
Animals' Weight and Blood Methemoglobin Levels
At the end of the experiment, animals weighed 699 ± 42 kg, which corresponded to an average BW gain of 10 kg per animal and per period. In animals fed NIT and TEA+NIT, blood metHb progressively increased until the end of wk 2, before going down and remaining at stable and low levels at the beginning of measurement weeks (Fig. 2) . The maximum level reached by 1 cow was 25.9% on d 12.
Intake, Diet Digestibility, Nitrogen Balance, and Urinary Excretion of Purine Derivatives
Both tea saponin and nitrate decreased daily nutrients intake (DM, OM, NDF, ADF, and GE; P < 0.05), with an additive effect between tea saponin and nitrate (tea saponin × nitrate, P > 0.05; Table 2 ). Nutrient digestibility was similar among diets, with an average DM digestibility of 63.7%. However, tea saponin numerically improved NDF digestibility and nitrate tended to increase ADF digestibility (P < 0.10). Nitrogen losses in feces were similar among diets whereas nitrate supplementation decreased N excretion in urine (P < 0.05). Nitrogen balance was positive (+17.3 g/d, on average) and similar among diets. Urinary excretion of PD was also not affected by diets.
Enteric Methane Emissions
Tea saponin did not affect CH 4 emissions expressed in grams per day, in grams per kilogram of DMI, in grams per kilogram of digested OM, in grams per kilogram of digested NDF, or as a percentage of GE intake (P > 0.05; Table 3 ). Methane emissions from animals fed NIT and TEA+NIT were lower than animals fed CON and TEA (-28%, on average, for CH 4 expressed in g/kg DMI; P < 0.05), whereas no difference was observed between NIT and TEA+NIT (P > 0.05). Kinetics of CH 4 emissions (Fig. 3) confirmed the absence of a CH 4 -mitigating effect of tea saponin throughout the day, whereas cows fed nitrate did not show the postprandial increase in enteric CH 4 emissions observed with other dietary treatments. The increase in CH 4 emissions of animals fed nitrate was delayed for up to 3 h after feeding, when emission levels reached levels similar to that of CON and TEA.
Ruminal Characteristics
Average daily pH was similar among diets (6.20, on average; Table 4), despite a reduction for tea saponin fed alone between 3 and 5 h after the morning meal and between 1 and 4 h after the afternoon meal (Fig. 4) . Tea saponin fed alone increased total VFA concentrations after feeding compared with CON (+19%; Box plot of blood methemoglobin (metHb) levels of nonlactating cows fed diets containing 2.3% nitrate with or without 0.5% tea saponin (n = 8). Tea saponin was assumed not to entail risks of blood metHb. The box represents the quartiles with the median at the center and the vertical lines represent the maximum and minimum value. Blood was analyzed during the 3-wk adaptation period; the arrow indicates the start of the measurement period. P < 0.05) without modifying VFA profile. This effect was not observed when tea saponin was associated with nitrate. Nitrate increased acetate proportion (+10%, on average; P < 0.01) and decreased butyrate proportion (-39%, on average; P < 0.01) and ammonia concentration (-23.6%, on average; P < 0.05). None of the treatments affected VFA ratios (acetate:propionate and [acetate + butyrate]:propionate) and lactate concentration, whereas nitrate was never detected in the rumen (limit of quantification = 13.3 mg/L or 0.22 mM). Tea saponin tended to increase total protozoa concentration (P < 0.10), linked to a tendency for a greater concentration of small entodiniomorphs (data not shown).
DISCUSSION
Enteric Methane Emissions and Ruminal Characteristics
In the present work, 4-wk supplementation of tea saponin (0.5% of DM) did not affect CH 4 emissions (g/kg DMI) in nonlactating cows. The absence of CH 4 -mitigating effect of tea saponin was previously reported on steers fed lower doses (0.11% of DM maximum; Li and Powers, 2012) . However, with similar doses, CH 4 emissions (g/kg DMI) were significantly decreased by 27 (Mao et al., 2010) , 11 (Zhou et al., 2011) , and 9% (Yuan Table 2 . Daily nutrient intake, total tract digestibility, N balance, and urinary excretion of purine derivatives (PD) of nonlactating cows fed diets containing tea saponin and nitrate alone or in combination (n = 4) 1 Data were collected for 6 consecutive days in wk 5.
2 CON = control; TEA = CON with 0.5% tea saponin; NIT = CON with 2.3% nitrate; TEA+NIT = CON with 0.5% tea saponin and 2.3% nitrate.
3 Saponin represents the main effect of tea saponin (CON and NIT versus TEA and TEA+NIT); Nitrate represents the main effect of nitrate (CON and TEA versus NIT and TEA+NIT); Saponin × nitrate represents the interaction between main effects of tea saponin and nitrate. 2 CON = control; TEA = CON with 0.5% tea saponin; NIT = CON with 2.3% nitrate; TEA+NIT = CON with 0.5% tea saponin and 2.3% nitrate.
3 Saponin represents the main effect of tea saponin (CON and NIT versus TEA and TEA+NIT); Nitrate represents the main effect of nitrate (CON and TEA versus NIT and TEA+NIT); Saponin × nitrate represents the interaction between main effects of tea saponin and nitrate. et al., 2007) in sheep and were linked to a reduction of protozoa concentrations (Mao et al., 2010; Zhou et al., 2011) . Mao et al. (2010) also reported that tea saponin mitigated methanogenesis throughout the day. In our study, the lack of effect of tea saponin on methanogenesis may be related to the absence of the expected reduction of ruminal protozoa, which, in contrast, tended to increase with saponin. To the best of our knowledge, the greater protozoa concentration with saponin supplementation has never been reported before. This result suggests a lack of toxic effect at the dose used or an adaptation of this microbial population to tea saponin. Indeed, a decrease in protozoa numbers after 4 d of feeding saponin (Sesbania sesban) was reported in sheep, but this population recovered 10 d later (Newbold et al., 1997) . In contrast, the reduction of protozoa concentrations observed by Mao et al. (2010) and Zhou et al. (2011) was persistent for up to 8 wk of tea saponin feeding to sheep.
Even if we reported in vitro a toxic effect of tea saponin on protozoa, several reasons may explain the inefficacy of the same extract on in vivo methanogenesis and on associated ruminal microbial and fermentation products. In other studies, saponin was distributed as powder into the diet whereas in our trial, tea saponin was included into pelleted concentrates for better palatability of feed and control of ingested quantities of the plant extract. During the pelleting process, the saponin was heated (approximately 40°C), which may have damaged its antimethanogenic and antiprotozoal properties.
Indeed, a modification of the miscellaneous structure of QS was already observed after heating between 20 and 60°C (Mitra and Dungan, 1997 ). An animal species effect (sheep versus cattle) may also be suspected as tea saponin reduced methanogenesis in sheep (Mao et al., 2010; Zhou et al., 2011) but not in cattle (Li and Powers, 2012) . A previous review highlighted that ruminal microbial populations and methanogenesis are influenced by the host (Kumar et al., 2009 ). However, reliable conclusions are difficult to draw from the literature as saponin effect (dose, quality, and form of presentation) is confounded with animal species effect. Finally, we cannot exclude an effect of the batch production, although the saponin extract used in this trial was produced by the same supplier as in the 2 previous experiments in sheep (Mao et al., 2010; Zhou et al., 2011) . Plant maturity, geographical area of production, and extraction methods are 3 parameters affecting the final concentration and quality of the saponin (Li and Powers, 2012) .
Tea saponin did not modify daily average pH in the rumen but reduced pH values for up to 5 h after morning feeding. This observation may be linked with the greater total VFA concentrations induced by tea saponin. However, even if Yuan et al. (2007) , Mao et al. (2010) , and Zhou et al. (2011) also observed a decrease in daily ruminal pH with this plant extract, only Mao et al. (2010) reported an increase in total VFA concentrations with tea saponin supplementation. Further work should characterize the ruminal microbi- Figure 3 . Daily CH 4 production pattern of nonlactating cows fed diets containing 2.3% nitrate with or without 0.5% tea saponin (n = 4). Errors bars indicate SD. Treatments consisted of diet control (CON), diet CON containing 0.5% tea saponin (TEA), diet CON containing 2.3% nitrate (NIT), and diet CON containing 0.5% tea saponin and 2.3% nitrate (TEA+NIT). The arrows indicate time of feeding. Symbols indicate hourly statistical comparison (ns = P > 0.05; †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001) among treatments; saponin represents the main effect of tea saponin (CON and NIT versus TEA and TEA+NIT); nitrate represents the main effect of nitrate (CON and TEA versus NIT and TEA+NIT); saponin × nitrate represents the interaction between main effects of tea saponin and nitrate. ota, particularly fibrolytic microbes, to determine any potential modulating effect of tea saponin.
Nitrate fed alone decreased CH 4 emissions (g/ kg DMI) by 27%, corresponding to a 12% reduction per percentage unit of nitrate fed. This result confirms once more the efficacy and reproducibility of the nitrate CH 4 -mitigating effect in cattle (Hulshof et al., 2012; Veneman et al., 2014; Guyader et al., 2015) . Moreover, a recent meta-analysis reported a linear dose-response effect of nitrate (in the range of 0.3 to 1.2 g per kilogram BW and per day) on enteric CH 4 emissions with a decrease of 12% of CH 4 yield (g/kg DMI) per 0.1 g added nitrate per kilogram BW and per day (Lee and Beauchemin, 2014) . The combination of nitrate with tea saponin did not accentuate the CH 4 -mitigating effect of nitrate, suggesting that the CH 4 reduction with this combination was only due to the nitrate effect.
The mode of action of nitrate to mitigate methanogenesis was assumed to be different from tea saponin, as nitrate does not affect ruminal protozoa concentration (Van Zijderveld et al., 2010; Guyader et al., 2015) . Nitrate is known to act as a H 2 sink in the rumen, thus decreasing H 2 availability for methanogens (Van Zijderveld et al., 2010) . In addition, nitrate would have a direct inhibiting effect on ruminal methanogens (Guyader et al., 2014) , as suggested by the rise in ruminal dissolved H 2 concentration after feeding nitrate to cattle (Guyader et al., 2015) . Nitrate fed alone or in combination with tea saponin to nonlactating cows increased acetate proportion in the rumen without changing propionate concentrations, which confirmed previous findings (Nolan et al., 2010; Hulshof et al., 2012; Veneman et al., 2014) . Increased acetate concentration may compensate for the H 2 deficiency in the rumen (Janssen, 2010) linked to nitrate reduction to ammonia.
Intake, Diet Digestibility, and Nitrogen Balance
Despite the presence of an aroma in concentrates and the restricted feed offer, tea saponin (0.5% of DM) and nitrate (2.3% of DM) supplementation decreased nutrients intake in nonlactating cows, with an additive effect when fed in combination. This result confirms previous studies in which DMI decreased with tea saponin (0.11% of DM; -27%; Li and Powers, 2012) or nitrate (2.2% of DM; -6%; Hulshof et al., 2012) fed alone to cattle. Reduced intake with tea saponin may come from the irritancy of the product toward respiratory and gastric mucous membranes, as the plant extract was distributed in a powder form within pelleted concentrates. Saponins are also known to have a low palatability, as they contain bitter substances, to which cattle are more susceptible than sheep (Cheeke, 1996) . Besides, intake of sheep supplemented with tea saponin at a dose similar to that in this study was not affected (Mao et al., 2010; Zhou et al., 2011) . Concerning nitrate, a review showed that feed intake may be decreased with nitrate concentration greater than 1% of DM (Bruning-Fann and Kaneene, 1993) . However, the relationship between nitrate supplementation and intake remains unclear, as we did not observe a modification of intake in a previous study with a different group of nonlactating cows fed the same basal diet and nitrate concentration (Guyader et al., 2015) . Table 4 . Daily average ruminal pH, fermentation products, and total protozoa concentration 3 h after feeding nonlactating cows with diets containing tea saponin and nitrate alone or in combination (n = 4) Tea saponin did not modify diet digestibility of nonlactating cows, even if it numerically increased NDF digestibility (+2.0 units), which may be related with the greater total VFA concentrations in the rumen in the presence of this plant extract. To our knowledge, the beneficial effect of tea saponin on fiber digestibility in cattle has never been reported before, but Wei et al. (2012) showed that this plant extract improved in vitro OM digestibility (+21%). Generally, saponins have a variable effect on diet digestibility, which seems to be linked to their dose, although the effect of the source cannot be ruled out. Despite that Pen et al. (2007) observed an increased NDF digestibility (+3.7 units) in sheep supplemented with 0.08% saponin from QS, other studies reported no effect of saponins on diet digestibility in cattle (0.03% saponin from YS or QS; Holtshausen et al., 2009) or in sheep (0.13% saponin from YS; Pen et al., 2007) . A negative effect on fiber digestibility was even shown with 0.5 and 1% saponin from YS (-2.6 and -2.9 units, respectively; Lila et al., 2005) , with 1% saponin extracted from the tropical tree Sapindus saponaria (-3 units; Hess et al., 2004) or with doses up to 4% saponin from MS (-4.6 units; Klita et al., 1996) .
Nitrate supplementation tended to improve ADF digestibility (+2.0 units). This result differs from previous studies in sheep (Nolan et al., 2010) and lactating cows (Van Zijderveld et al., 2011; Guyader et al., 2015) supplemented up to 2.5% nitrate, in which no modification of nutrients digestibility was reported. In addition, our results confirmed a previous finding that nitrate is well metabolized by the animals and can substitute for urea as a nonprotein N source in diets low in fermentable N content (Leng, 2008) . Indeed, nitrate did not modify N balance, despite a possible modification in N utilization. Nitrate decreased ruminal ammonia concentration, which may be induced by the lower DMI with nitrate supplementation and an elevated microbial N capture in the rumen, leading to lower N losses and greater microbial nucleic acids excretion in urine (Dijkstra et al., 2013) . In the present work, nitrate supplementation did not modify excretion of PD but lowered N losses in urine. Similar findings were reported in a recent study (Lee et al., 2015) . However, we cannot explain the contradictory relationship between the stable microbial protein synthesis in the rumen, as indicated by urinary excretion of PD, and the lower rumen ammonia concentration.
In conclusion, tea saponin supplementation reduced neither CH 4 emissions nor ruminal protozoa concentrations in cattle. The lack of biological effect could be due to the denaturation of the active compound of the tea saponin when heating during the pelleting process. To test this hypothesis, the detrimental effect of pelleted and nonpelleted tea saponin on methanogenesis and ruminal protozoa concentration should be tested. Further work is also required to deepen the knowledge on the effect of this plant extract on intake, fiber digestibility, and performances of producing ruminants. The effect of nitrate on decreasing CH 4 emission appears reproducible, without altering digestive performances and N balance in nonlactating dairy cows. Daily pattern of ruminal pH of nonlactating cows fed diets containing 2.3% nitrate with or without 0.5% tea saponin (n = 4). Errors bars indicate SD. Treatments consisted of diet control (CON), diet CON containing 0.5% tea saponin (TEA), diet CON containing 2.3% nitrate (NIT), and diet CON containing 0.5% tea saponin and 2.3% nitrate (TEA+NIT). The arrows indicate time of feeding. Symbols indicate hourly statistical comparison (ns = P > 0.05; †P < 0.10; *P < 0.05; **P < 0.01; ***P < 0.001) among treatments; saponin represents the main effect of tea saponin (CON and NIT versus TEA and TEA+NIT); nitrate represents the main effect of nitrate (CON and TEA versus NIT and TEA+NIT); saponin × nitrate represents the interaction between main effects of tea saponin and nitrate.
